Purpose. The microbiota composition of faeces and colonic contents were analysed to investigate the mechaninsm by which fermented soybean meal improves intestinal microbial communities, growth and immunity in weaning piglets.
INTRODUCTION
A huge number of microbial species inhabit the microbial layers of the intestinal tract and serve as barriers against infection and help maintain colonic health [1, 2] . More than one hundred commensal bacteria survive in an interdependent relationship with mammals. For instance, piglets are born with a sterile colon but soon after birth possess a gastrointestinal tract colonized by a complex and varied microbiota [3] . Anaerobic or facultative anaerobic bacteria are the first and most dominant bacteria to colonize the intestine, accounting for more than 99 % of its inhabitants. Intestinal microorganisms maintain the balance between the microecological environment, immunity and digestion and contribute to the overall growth and health of the host [4] . On the other hand, changes in microbial composition are closely contacted with disease development and resistance [2, 5, 6] .
Diarrheoa and other gastrointestinal diseases in piglets primarily occur during weaning, when their intestinal tract is most sensitive to perturbations [7] . The weaning time for piglets is generally about 28 days and these dietary changes are stressful to the animals [8, 9] . The development of an unbalanced microbial composition during weaning is directly related to the occurrence of diarrhoea. Studies aimed at increasing the populations of Bifidobacteria and Lactobacteria populations have experimented with feed additives such as inulin and high-fibre diets [10] . Above all, the daily dietary composition and whether antibiotics have to be administered to weaning animals are the most important factors affecting the composition and diversity of intestinal flora.
Our team studied the effects of fermented soybean meal (FSBM) on the micro-ecological environment of the piglet intestine. Biological fermentation technology can safely eliminate the anti-nutritional factors in soybean meal (SBM) and effectively degrade soy protein so it can be utilized as a high-quality, small-peptide protein source [11] . Fermentation also has the added benefits of the production of probiotics, oligopeptides, glutamic acid, lactic acid, vitamins and other active substances that improve the palatability, digestion and absorption of nutrients. This combination of factors is ideal for promoting growth and reducing the occurrence of diarrohea [12] . Therefore, we hypothesized that FSBM might enhance gut colonization and be correlated with improved growth and immunity. We used 16S rRNA gene analysis as a taxonomic tool for bacterial identification and classified colonizing bacteria at the phylum, genus and species levels.
METHODS
The Qingdao Agricultural University Animal Experiment Committee approved this study. The animals were maintained in accordance with Qingdao Agricultural University guidelines for the care and use of laboratory animals.
FSBM was produced by fermenting SBM with a combination of Lactobacillus plantarum (IMAU80002), a novel lactic acid bacteria isolated from Sauerkraut [13] , Bacillus subtilis (CVCC717) and Saccharomyces cerevisiae w303. Table 1 details the bacterial species used, while composition of SBM and FSBM is given in Table S1 (available in the online version of this article). Fifteen crossbred piglets (DurocÂLandraceÂYorkshire) were weaned at 35 days and grouped randomly in four treatment groups according to the proportion of FSBM added to SBM (Table S2 ). The control group was fed SBM (20 %) lacking additives (three piglets) and the experimental groups, with four piglets per group, were given 5, 10 and 15 % FSBM. Water was provided ad libitum and feed consumption was recorded daily.
All pigs were humanly sacrificed after 35 days and faeces and colonic contents were collected. The colon was lightly scraped with sterile slides and the scrapings were suspended in 1 ml sterile normal saline. Serum biochemical parameters [14] , determination of immune characteristics [15] and growth performance [16] were analysed.
Total genome DNA from faeces and colonic scrapings were extracted using the CTAB/SDS method [17, 18] . DNA concentration and purity were monitored on 1 % agarose gel. The V4 region of 16S rRNA genes was amplified as previously described [19] . PCR reactions used Phusion HighFidelity PCR Master Mix (New England Biolabs, Beverley, MA). After amplification, SYBR green loading dye was added to PCR reaction mixes and the samples were electrophoresed through 2 % agarose gel. Gel regions between 400-450 bp were purified with a Qiagen Gel Extraction Kit (Qiagen, Germany). The raw reads were deposited in the NCBI Sequence Read Archive database.
Sequencing libraries were generated using TruSeq DNA PCR-Free Sample Preparation Kit (Illumina, San Diego, CA) following the manufacturer's recommendations, and index codes were then added. The library quality was assessed using a Qubit@ 2.0 Fluorometer (Thermo Fisher Scientific, Carlsbad, CA) and an Agilent Bioanalyzer 2100 instrument. The library was sequenced on an Illumina HiSeq2500 platform and 250 bp paired-end reads were generated. The Illumina Miseq sequence is available in NCBI under the accession numbers shown in Table 2 .
Data analysis
Paired-end sequence reads were merged using FLASH [20] , and quality filtering of the raw tags was performed under specific filtering conditions to obtain high-quality clean tags according to the QIIME (V1.7.0) quality control process [21] . Sequence analysis was performed using Uparse software (v7.0.1001) and sequences !97 % similar were assigned to the same operational taxonomic units (OTU) [21] [22] [23] . For each representative sequence, the Greengenes Database was used based on an RDP 3 classifier (Version 2.2) algorithm to annotate taxonomic information [24] [25] [26] . Phylogenetic relationships between OTUs and dominant species differences among sample groups were performed using multiple sequence alignments with MUSCLE software (Version 3.8.31) [27] .
Alpha diversity was used to analyse the complexity of species diversity. This analysis used the Chao1, Shannon, Simpson and ACE indices [3] . The microbial flora from faecal and colonic samples were calculated with QIIME (Version 1.7.0) and displayed with R software (Version 2.15.3) [5] . Beta diversity analysis was used to evaluate differences in species complexity. Beta diversity using both weighted and unweighted UniFrac was calculated with QIIME software (Version 1.7.0). Cluster analysis was preceded by principal component analysis (PCA), which was applied to reduce the dimension of the original variables using FactoMineR and ggplot2 in R software (Version 2.15.3). Principal coordinate analysis (PCoA) was used to visualize complex, multidimensional data. A distance matrix of weighted or unweighted UniFrac among samples was transformed to a new set of orthogonal axes. The maximum variation factor was demonstrated by the first PCoA, and the second maximum by the second PCoA and so on. The unweighted pair-group method with arithmetic means (UPGMA) clustering was performed as a type of hierarchical clustering method to interpret the distance matrix using average linkage, and was performed with QIIME software [6] .
All data were analysed using GraphPad Prism 5.0 software and IBM SPSS statistics 23. This analysis indicated whether differences in the abundance of individual taxa and diets were correlated with different bacteria, growth performance and immune function. Difference in microbial composition among the four treatment groups was analysed.
RESULTS
OTU clusters and alpha diversity of microbiota in piglet faeces and colonic contents Microbial composition and species distribution in the gut are normally formed prior to 28 days of age. We analysed samples from piglets by assigning OTUs at the 97 % identity level. Previous results of growth performance and immune function are shown in Table 3 . The ACE, Chao1 and Shannon indices of alpha diversity were the highest with diets containing FSBM. The greatest improvement was in the 10 % FSBM group in both faeces and colonic contents. Alpha diversity in the 15 % FSBM group was similar to controls. Simpson's diversity index in the 10 %FSBM group was decreased, but there were no significant differences in alpha diversity of the faecal and colonic microbiota (Table 4) . Rarefaction curves were used to compare the abundance of sample species with different numbers of sequences. This measure indicated that the samples sizes were reasonable (Fig. 1) .
Based on the 16S rRNA profiles for each experimental group, gut microbiota diversity was greater than the nasal microbiota as previously reported [2] . The phylum Firmicutes was represented at the 81.84 % level and Tenericutesat at 10.00 % in the faeces and colon. The only other phyla with a relative abundance >1 % were Bacteroidetes (5.51 %) and Actinobacteria (1.3 %). Protebacteria were represented at a level of 0.49 % in faeces (Fig. 2a) .
In the colon, the levels of Firmicutes and Tenericutes were similar to those found in faeces, as was the case for the less abundant Bacteroidetes, Actinobacteria and Protebacteria (Fig. 2c) (Fig. 3) .
The most abundant genus found in both faeces and colon was Lactobacillus (26.09 and 27.61 %, respectively) followed by Clostridium sensu stricto 1 (9.89 and 9.74 %, respectively). Most genera accounted for less than 5 % of relative abundance. Almost all Lactobacillaceae were from the genera Lactobacillus and Lachnospiraceae AC2044. Clostridium sensu stricto 1 was the main genus in both Clostridiaceae 1 and the Ruminococcaceae. Subdoligranulum dominated (Fig. 2b, d ). (Fig. 4) .
Beta diversity of bacteria in piglet faeces and intestinal tract Treatment with FSBM resulted in marked changes in the faecal and colonic bacterial communities. We therefore performed a principal coordinate analysis (PCoA) of weighted UniFrac distances and unweighted pair groups with arithmetic mean algorithm (UPGMA) to compare the diversity of each intestinal microbiome sample. The first and second principal coordinates accounted for 21.41 and 17.45 % (Fig. 5a ) and 20.82 and 14.88 % (Fig. 5b) of the inter-sample PCA plots were consistent with the above dendrograms, revealing relationships between the faecal community structure and colonic microbiota. The first and second principal coordinates accounted for 13.54 and 11.82 % (Fig. 5c ) and 16.56 and 11.65 % (Fig. 5d ), respectively. There was no significant overlap between controls and FSBM groups with the fecal samples [28] .
Correlation between faecal and colonic bacteria and growth performance At the genus level, there were no significant differences between FSBM groups and controls in regard to the major genera in faeces, while significant differences were seen in the less abundant genera. Blautia, Anaerostipes, Coprococcus 2, Dorea, Roseburia and Bifidobacterium increased significantly in FSBM groups, with significant decreases of Lachnospira and Bacteoides in faeces. Additionally, Lactobacillus and Ruminiclostridium 5 increased but Clostridium sensu stricto 1 and Terrisporobacter were reduced in FSBM colonic samples compared to controls (P<0.05).
When correlated to growth performance, the average daily gain (ADG) of piglets significantly increased by 32 % while the diarrhoea rate decreased with FSBM diets (Table 2 ). These data indicated that the relative abundance of Clostridium sensu stricto1 (r=0.6, P=0.018), Lactobacillus (r=À0.701, P=0.004), Lachnospira (r=0.546, P=0.035) and Bacteoides (r=0.836, P=0.004) was closely related to the diarrhoea rate (Table 3) . Blautia (r=0.626, P=0.013) and Clostridium sensu stricto1 (r=À0.616, P=0.015) were closely *Difference significant at the 0.05 level. related to the piglets' average daily feed intake (ADFI). ADG (r=À0.694, P=0.004) and urea levels (r=0.533, P=0.041) were consistent with the presence of Bacteoides (Table 5) .
Correlation between faecal and colonic bacteria and immunity
Measures of immune function improved after feeding piglets FSBM in our previous study [29] . IgM, lymphocytes (Table 5) .
DISCUSSION
During the process of piglet weaning, changes in the species richness and diversity of bacteria in the gastrointestinal tract play a crucial role in digestion and absorption of fodder. Improving the overall health of pigs requires a better understanding of the piglet intestinal microbial environment.
Soybean fermentation can improve the quality of feed and enhance piglet growth rates and immune functions [14] ( Table 3 ). In the current study, we chose high-throughput sequencing methods to evaluate the effects of dietary FSBM on the bacterial community in the gastrointestinal tract [30, 31] . This provides a more direct way to analyse changes in the less abundant bacterial species.
Previous studies have shown that certain bacterial strains and antibiotics affect the microbial composition of the small intestine and faeces [10, 32] . Lactobacillus reuteri increased the relative abundance of the phylum Firmicutes, as well as the genus Prevotella, in animals administered chlortetracycline [3] . In addition, other studies have suggested that SBM may interfere with intestinal barrier function [33] . FSBM was more beneficial than SBM when used as a feedstuff, so we hypothesized that one function of FSBM was the recovery and improvement of intestinal function. The OTU clusters of the FSBM groups (882, 951.25 and 831.75) were higher than controls (850) in faeces. The numbers of identified OTUs were about 12 % higher in the 10 % FSBM group than that of controls, in both faeces and colon. The lower numbers we found for the 15 % FSBM group may have been due to increased lactic acid production that may have inhibited the growth of certain microorganisms [34] . Alpha diversity analysis was used to examine the complexity of species diversity, and the ACE, Chao 1 and Shannon indices were all increased with FSBM diets compared to controls. This directly demonstrated the abundance and uniformity of all samples, and 10 % FSBM was found to be the diet with the greatest biodiversity of species number. The latter has previously been documented [19] . A higher bacterial diversity in the gastrointestinal tract has a positive relationship with a healthier animal [35] .
To understand the differences across the microbiota in the faeces and colon, we estimated beta diversity [36] . All samples were clustered according to different characteristics [37] . The mean distances among the four experimental groups indicated there were significant differences in the bacterial communities. This included a decrease in the incidence of diarrhoea, linked to a reduction in infection by other pathogens [38] . In addition, in weaning piglets, the families Ruminococcaceae and Lachnospiraceae are commensal members of the pig gut microbiota and have been associated with healthy animals [39] . This was consistent with our results, especially in the 10 % FSBM group (P=0.02).
The relative abundance of Clostridium sensu stricto1 and Bacteoides showed a positive relationship with the frequency of diarrhoea. Clostridium is a primary cause of diarrhoea in humans and is responsible for community-acquired outbreaks [40] . Clostridium perfringens, Clostridium difficile and Salmonella spp. are the most common bacteria associated with diarrhoea [41] . We found fewer of these species in the FSBM groups, and this had a positive correlation with decreased diarrhoea. On the other hand, there were negative correlations between Lactobacillus and diarrhea rate. Lactobacillus has a marked capacity for acid production, as well as bacteriocin and hydrogen peroxide, which are effective growth inhibitors [42] . Lactobacillus levels were also positively correlated with IgM levels.
The Lactobacilli are anaerobes that hydrolyae starch and cellulose [43] . Feed digestibility related to hydrolysis of starch and cellulose is affected by probiotics and, in turn, is closely connected with piglet growth performance [44] . Dietary supplements of Bifidobacterium lactis 420 and Lactobacillus rhamnosus HN001 were beneficial to intestinal barrier integrity, producing metabolites that inhibited pathogen growth. This resulted in balanced relationships among the gut bacteria to ensure the optimal combination of intestinal flora. This includes the synthesis of vitamins including B1, B2, B6, folic acid, pantothenic acid and B12, and an improvement in protein digestion. The latter included the production of phosphoprotein phosphatase used in a-casein degradation of protein foods, which is beneficial to protein absorption [45] .
We also found that the number of lymphocytes increased with the decrease in relative abundance of Clostridium sensu stricto1, which was also linked to an increase in Blautia.
The latter was also correlated with a significant increase in WBC. Blautia are gram-positive, oval-shaped obligate anaerobes that produce acetate, ethanol, hydrogen, lactate and succinate during fermentation [46] . Less is known about the role of Blautia in the intestine, but the presence of this bacterium has been closely linked with low breast cancer rates [47] . Blautia levels also decrease with malnutrition, so a higher Blautia content may contribute to a beneficial environment in the intestinal tract [48] . However, Lachnospira and Clostridium sensu stricto 1 were negatively correlated with WBC. The total biomass of Dorea and Roseburia, which act as probiotics, is most likely too low to allow these to play a role in digestion and absorption.
According to our results, Firmicutes, Tenericutes, Bacteroidetes and Actinobacteria were the most abundant phyla in the faeces and colon. This finding differs from a similar study that found the following levels: Firmicutes 64 %, Bacteroidetes 20 %, Proteobacteria 12 %, Spirochaetes 1 % and Tenericutes 0.5 % [3] . The composition and distribution of flora found in different tissues were significantly different to those from our study. Our research also found that FSBM promoted increases in Lactobacillus, Lachnospira, Blautia, Anaerostipes, Coprococcus 2, Dorea, Roseburia and Bifidobacterium in faeces and Lactobacillus and Ruminiclostridium 5 in the colon. The relative abundances of Clostridium sensu stricto1 and Terrisporobacter were decreased with FSBM [1] .
In summary, in piglets, changing bacterial composition and distribution in the gastrointestinal tract affects the digestion and absorption of feed as well as the immune response. The relationships between microbial diversity and disease need further investigation.
